Although ABA signaling has been widely studied in Arabidopsis, the roles of core ABA signaling components in fruit remain poorly understood. Herein, we characterize SlPP2C1, a group A type 2C protein phosphatase that negatively regulates ABA signaling and fruit ripening in tomato. The SlPP2C1 protein was localized in the cytoplasm close to AtAHG 3 /AtPP2CA. The SlPP2C1 gene was expressed in all tomato tissues throughout development, particularly in flowers and fruits, and it was up-regulated by dehydration and ABA treatment. SlPP2C1 expression in fruits was increased at 30 d after full bloom and peaked at the B + 1 stage. Suppression of SlPP2C1 expression significantly accelerated fruit ripening which was associated with higher levels of ABA signaling genes that are reported to alter the expression of fruit ripening genes involved in ethylene release and cell wall catabolism. SlPP2C1-RNAi (RNA interference) led to increased endogenous ABA accumulation and advanced release of ethylene in transgenic fruits compared with wildtype (WT) fruits. SlPP2C1-RNAi also resulted in abnormal flowers and obstructed the normal abscission of pedicels. SlPP2C1-RNAi plants were hypersensitized to ABA, and displayed delayed seed germination and primary root growth, and increased resistance to drought stress compared with WT plants. These results demonstrated that SlPP2C1 is a functional component in the ABA signaling pathway which participates in fruit ripening, ABA responses and drought tolerance.
Introduction
ABA is a phytohormone that plays a critical role in various aspects of plant development including fruit development, seed dormancy and the response to abiotic stress (Schroeder et al. 2001 , Finkelstein et al. 2002 , Zhang et al. 2009 , Wang et al. 2011 . Recent breakthroughs have elucidated the mechanisms of ABA signal transduction and revealed the importance of the core ABA receptors PYR/PYL/RCAR (hereafter PYL), type 2C protein phosphatases (PP2Cs) and sucrose non-fermenting 1 (SNF1)-related protein kinase 2 (SnRK2s) (Ma et al. 2009 , Melcher et al. 2009 , Nishimura et al. 2009 , Santiago et al. 2009 ). The ABA signaling pathway has a double negative regulatory mechanism; in the absence of ABA, PP2Cs inhibit the activity of SnRK2 proteins through physical interaction and dephosphorylation. In the presence of ABA, ABA-bound PYLs interact with PP2Cs, relieving inhibition of SnRK2s by PP2Cs, thereby liberating SnRK2s for autophosphorylation and activation of downstream targets such as transcription factors (Santiago et al. 2009 , Zhao et al. 2013 ). Genomewide and expression analyses of clade A PP2Cs in rice and Arabidopsis indicates that most are induced by ABA and abiotic stress, and the ABA response-related element (ABRE) motif is significantly enriched in the promoter region of clade A PP2Cs (Xue et al. 2008 , Singh et al. 2010 . Genetic studies identified several PP2C genes that negatively regulate the ABA response in Arabidopsis, including ABI1, ABI2, HAB1, HAB2, AGH1 and PP2CA (Merlot et al. 2001 , Nishimura et al. 2004 , Saez et al. 2004 , Kuhn et al. 2006 , Rubio et al. 2009 ), as well as OsPP2C108 (Singh et al. 2015) , OsABIL2 and OsPP2C49 (Zong et al. 2016) in rice. Overexpression of these PP2C genes causes a decrease in the sensitivity to the ABA response and leads to rapid dehydration.
Although considerable progress has been made in understanding ABA signaling pathways in Arabidopsis in recent years , exactly how these ABA signaling components behave in the regulation of fruit development and ripening remain unclear. ABA is a key hormone that regulates both climacteric and non-climacteric fruit ripening (Galpaz et al. 2008 , Zhang et al. 2009 , Sun et al. 2012a , Sun et al. 2012b ). Suppression of a key Plant Cell Physiol. 59(1): 142-154 (2018) doi:10.1093/pcp/pcx169, Advance Access publication on 7 November 2017, available online at www.pcp.oxfordjournals.org ! The Author 2017. Published by Oxford University Press on behalf of Japanese Society of Plant Physiologists. All rights reserved. For permissions, please email: journals.permissions@oup.com gene in the ABA synthesis pathway alters the pulp texture and affects fruit ripening (Sun et al. 2012a , Sun et al. 2012b , Ji et al. 2014 , Sun et al. 2017 . Similarly, manipulating ABA signalingassociated genes by RNA interference (RNAi) can result in early fruit ripening, and overexpression of ABA signaling-associated genes can alter fruit ripening in strawberry , Jia et al. 2013 , Han et al. 2015 . However, the precise ABA signaling pathway that regulates different types of fruit ripening remains unclear. Through bioinformatics analysis, homologs of ABA signaling components in tomato have been identified. The tomato genome contains 14 SlPYLs, 14 clade A PP2Cs and eight SnRK2s. Most SlPYLs can interact with SlPP2Cs in the presence of ABA (Gonzalez-Guzman et al. 2014 , Sun et al. 2011 , Chen et al. 2016 . To understand the role of ABA signaling in tomato fruits, it is important to identify how each core signaling compound affects fruit development.
In the present study, we evaluate the physiological roles of SlPP2C1 through the generation of SlPP2C1-RNAi transgenic tomato lines. We found that SlPP2C1 plays an important role in ABA-mediated fruit ripening and stress tolerance in tomato.
Results

Gene isolation and phylogenetic analysis of SlPP2Cs
Fourteen SlPP2Cs were identified in tomato, all of which have homologs (AtPP2Cs) in Arabidopsis, and seven full-length cDNA sequences were isolated from young tomato fruits and designated as SlPP2C1-SlPP2C7 ( Supplementary Fig. S1 ). Based on phylogenetic analysis, all tomato SlPP2Cs belong to group A PP2Cs, and SlPP2C1 is most closely related to AtAHG3 (ABA-hypersensitive germination 3) from Arabidopsis ( Supplementary Fig. S1 ). AtAHG3 plays a crucial role in the regulation of seed germination (Yoshida et al. 2006 , suggesting that SlPP2C1 might be a functional PP2C in tomato. However, it was unclear whether SlPP2C1 is involved in the regulation of tomato fruit ripening, hence it was selected for detailed investigation at the molecular level.
Expression pattern of SlPP2C1 and its response to exogenous ABA and dehydration
To test whether SlPP2C1 is involved in fruit development, we examined its expression patterns. Expression of SlPP2C1 was clearly observed in all tested tomato tissues throughout development, particularly in flowers and fruits (Fig. 1A, B) . Fruit development can be divided into several stages based on the number of days after full bloom (DAFB) and color (Fig. 1B) . Expression of SlPP2C1 was higher in pulp, where it increased at the beginning of the breaker (B) stage (30 DAFB) and peaked at stage B + 1, then declined (Fig. 1B) . As shown in Fig. 1C , SlPP2C1 expression was detected in the fruit peel, vascular bundle, seeds and pulp of young fruits, suggesting that it might be involved in fruit development and ripening. The stress response characteristics of SlPP2C1 were also analyzed and, as shown in Fig. 1E , SlPP2C1 expression in fruit was upregulated by exogenous ABA at the immature green (IM) and mature green (MG) stages, but the effect of ABA treatment was slight at the breaker and turning stages. SlPP2C1 expression in fruits and leaves was significantly up-regulated 2-and 5-fold by dehydration, respectively (Fig. 1D) . The ABA content was also determined during fruit development and ripening. As shown in Fig. 1F , ABA was at its high level at the IM stage, then decreased to its lowest level at the MG stage. It then increased and peaked again at the B + 1 stage, then decreased thereafter during progression towards the red ripening (RR) stage. These results suggest that SlPP2C1 might be involved in ABAmediated fruit ripening and the abiotic stress response in tomato.
Generation of SlPP2C1-RNAi transgenic tomato plants
To determine further the function of SlPP2C1 in ABA signaling and fruit ripening during fruit development, we generated SlPP2C1-RNAi transgenic plants under the control of a strong constitutive 35S promoter ( Supplementary Fig. S2A ). Two independent SlPP2C1-RNAi transgenic lines (SlPP2C1-RNAi 7 and SlPP2C1-RNAi 9) were obtained ( Supplementary Fig. S2B ), and quantitative real-time PCR (qRT-PCR) analysis showed that SlPP2C1 expression was significantly reduced in both SlPP2C1-RNAi transgenic lines ( Supplementary Fig. S2B ).
SlPP2C1-RNAi affects the expression of core ABA signaling components
To confirm whether the core ABA signaling components were altered by SlPP2C1-RNAi, expression of genes related to ABA signal transduction was analyzed (Fig. 2) . Among the 11 PYL ABA receptors tested, transcription of SlPYL4/6 was slightly down-regulated in SlPP2C1-RNAi fruits compared with the wild type (WT), while transcription of SlPYL7/8/9 was up-regulated. Transcription of SlSnRK2.6/2.8 was up-regulated (Fig. 2C) . Meanwhile, to confirm whether SlPP2C1 manipulation affects other members of the SlPP2C family, we measured the transcript levels of five SlPP2C genes in transgenic fruits (Fig. 2B) . The results showed that SlPP2C2 and SlPP2C5 were slightly upregulated, but the differences from WT plants were not significant. SlPP2C3/4 showed no apparent differences in WT and SlPP2C1-RNAi fruits. The fact that only SlPP2C1 transcripts differ significantly in transgenic fruits suggests that the SlPP2C1-RNAi plasmid vector was successfully constructed and it particularly suppresses the expression of SlPP2C1. These results indicate that SlPP2C1 may take part in ABA signaling in fruits during fruit development.
The phenotype of SlPP2C1-RNAi tomato plants It remains unclear whether ABA signaling is involved in the architecture of tomato plants. However, we found that SlPP2C1-RNAi affected the structure of transgenic tomato lines (Fig. 3A, B) . In both transgenic lines, the plant width was narrower than that of WT plants (Fig. 3D) , while the plant height was not obviously different (Fig. 3B, C) . The number of euphylla was also greater in both transgenic lines under normal growth conditions (Fig. 3B, E) . These results indicate that SlPP2C1 is involved in controlling branching in tomato. Expression of SlPP2C1 was higher in WT flowers, suggesting that flower development was affected by SlPP2C1-RNAi. In fact, there were more deformed flowers (15-20%) and deformed fruits (15%) in the two SlPP2C1-RNAi transgenic lines than in WT flowers/fruits (3%) (Fig. 4A, B) . In addition, 45-50% of pedicels did not abscise normally in the two transgenic lines, whereas 88% abscised correctly in WT plants (Fig. 4 A j and k, C). These results indicate that SlPP2C1 is involved in flower development and flower organ function. The physiological and molecular mechanisms through which SlPP2C1 affects flower development are currently unknown and require further study.
SlPP2C1-RNAi accelerates ABA-mediated fruit ripening
Several ripening-related physiological parameters were measured, including the breaker time (days from flower full bloom to fruit breaker stage), fruit firmness, solid soluble content, ethylene release and ABA accumulation during fruit development and ripening. WT fruits displayed a fruit breaker time of 29 d, compared with 26 d for SlPP2C1-RNAi fruits (Fig. 5A ). There were no differences in the ripening time between the two transgenic lines. The fruit firmness of SlPP2C1-RNAi fruits was lower than that of WT fruits during the ripening stage (Fig. 5B) . The solid soluble content in SlPP2C1-RNAi fruits was higher than in WT fruits during ripening ( Fig. 5B) , suggesting that altering the SlPP2C1-mediated ABA signaling pathway may affect ABA-induced sugar accumulation. Ethylene release was significantly advanced in SlPP2C1-RNAi fruits compared with WT fruits (Fig. 5C) , and the accumulation of endogenous ABA was higher in transgenic fruits at the breaker stage (Fig. 5D ). These results suggest that the alteration of SlPP2C1 expression in tomato fruits is correlated with both ABA accumulation and ABA signaling, and the manipulation of which was reported to alter ethylene levels and thereby affects the ripening of tomato fruits. Meanwhile, activated SnRK2 genes may subsequently up-regulate the ripening-related transcription factors, thereby stimulate the expression of ripening-related genes.
Suppressing SlPP2C1 expression alters the expression of ripening-related genes
To clarify the role of SlPP2C1 in tomato fruit ripening, several ripening-related genes were examined by qRT-PCR. Expression of the 1-aminocyclopropane-1-carboxylic acid (ACC) synthase (ACS) genes SlACS2 and SlACS4, the ACC oxidase (ACO) gene SlACO1, the constitutive triple response gene SlCTR1, SlETR3 (involved in the ethylene response) and the ethylene response factor gene SlERF2 was advanced in SlPP2C1-RNAi fruits . In SlPP2C1-RNAi fruits, expression of genes encoding polygalacturonase (SlPG1), expansin (SlEXP1), pectin esterase (PEC2) and endo-1,4-b-cellulose (SlCEL2) was also advanced in transgenic lines compared with WT plants during fruit ripening ( Fig. 5K-M) . These results indicate that the suppression of SlPP2C1 enhances the ABA signaling which is associated with an increase of gene expression related to SlPP2C1-mediated ripening in tomato fruits.
SlPP2C1-RNAi affects ABA-mediated seed germination in tomato
To test whether SlPP2C1-RNAi affects ABA-mediated inhibition of seed germination and root growth, we assayed the germination rate of seeds in both WT plants and transgenic lines. Seeds were sown on half-stength Murashige and Skoog (1/2 MS) medium at 25 C for 10 d. The germination rate of WT seeds was 92.74% at 2 d after imbibition (Fig. 6A) , compared with 64% for SlPP2C1-RNAi 7 transgenic seeds and 58% for SlPP2C1-RNAi 9 transgenic seeds (Fig. 6A) . In addition, to investigate the impact of exogenous ABA on seed germination, 3 mM ABA was added to the 1/2 MS medium. At 3 d after sowing in medium with 3 mM exogenous ABA, SlPP2C1-RNAi transgenic seeds exhibited higher sensitivity and lower germination rates than WT seeds (Fig. 6B) . Conversely, with2-3 mM fluridone treatment (an ABA inhibitor), the rate of seed germination did not differ between WT and transgenic lines during imbibition ( Fig.  6C-E) . In addition, root growth in SlPP2C1-RNAi transgenic lines was slower on 1/2 MS medium containing 10 mM ABA than in WT plants (Fig. 6F) . Therefore, these results suggest that SlPP2C1 is involved in ABA-mediated inhibition of seed germination and root growth in tomato.
SlPP2C1-RNAi enhances resistance to drought stress
To determine whether SlPP2C1-RNAi influenced the drought response in tomato plants, we compared the drought resistance of transgenic lines and WT plants (Fig. 7) . Grown under well-watered conditions, WT and transgenic plants did not show any significant phenotypic differences. However, after drought treatment, SlPP2C1-RNAi transgenic lines exhibited enhanced drought tolerance compared with WT plants (Fig. 7A) . After 12 d of drought stress and re-watering for 3 d, WT plants displayed a 25% survival rate (Fig. 7B ) compared with nearly 75% for SlPP2C1-RNAi lines. The relative water content (RWC) in SlPP2C1-RNAi transgenic leaves was higher than that in WT leaves during drought stress (Fig. 7C) . When leaves were detached from plants, WT leaves lost water more quickly under laboratory conditions, while SlPP2C1-RNAi transgenic leaves showed stronger resistance to dehydration (Fig. 7D) . These observations indicate that SlPP2C1-RNAi transgenic tomato plants possess increased tolerance to water deficit, consistent with earlier studies (Saez et al. 2004 , Kuhn et al. 2006 , Rubio et al. 2009 ).
Subcellular localization of SlPP2C1
To investigate the subcellular localization of SlPP2C1, we constructed recombinant SlPP2C1 tagged at the C-terminus with green fluorescent protein (GFP) and expressed it transiently in epidermal cells of tobacco (Nicotiana benthamiana) leaves by agroinfiltration. GFP-tagged SlPP2C1 was found to be present in the cytoplasm (Fig. 8A ) similar to AtAHG3 ).
Discussion
SlPP2C1 is involved in ABA signaling during fruit development and ripening
In the present study, we identify a PP2C, SlPP2C1, which serves as a negative factor in ABA signaling during fruit development. Fig. 2 Changes in the core ABA signaling components SlPYLs, SlPP2Cs and SlSnRK2s in SlPP2C1-RNAi transgenic lines and WT plants in fruits during the breaker stage. The SAND gene was used as the internal reference gene. Data are means ± SE from three biological replicates. *P-value t-test < 0.05; **P-value t-test < 0.01.
ABA signal transmission proceeds through interactions between PYLs, PP2Cs and SnRK2s, with PP2Cs acting as a hub. Like Arabidopsis, tomato contains 14 group A SlPP2Cs, but only seven could be cloned from Micro Tom tomato tissues, and subsequent experiments showed that they perform diverse functions in ABA signal transduction. Interactions between tomato SlPP2Cs and SlPYLs are both ABA independent and ABA dependent, as demonstrated by yeast two-hybrid (Y2H) experiments, and inhibition of PP2C activity by SlPYLs is mostly ABA dependent (Gonzalez-Guzman et al. 2014 , Chen et al. 2016 . Based on comparison with Arabidopsis AtPP2Cs, tomato SlPP2C1 is most closely related to AtAHG3 (Supplementary Fig. S1 ), the activity of which can be inhibited by dimeric receptors in vitro ). In our previous work (Chen et al. 2016) , SlPP2C1 was found to interact with SlPYL4, SlPYL7, SlPYL10 and SlPYL11 in an ABA concentrationdependent manner, but it did not interact with the dimeric receptors SlPYL5 or SlPYL8 irrespective of whether ABA was present or not, which was confirmed by a Y2H experiment. In the present study, it is further confirmed by bimolecular fluorescence complementation (BiFC) assays (Fig. 8B ) that SlPP2C1 interacts with SlPYL3, SlPYL7, SlPYL9 and SlPYL10, in agreement with our previous work. This indicates a preferential interaction between SlPP2C1 and monomeric ABA receptors, but the underlying molecular mechanism remains unknown. The above results are based on Y2H and BiFC assays, both of which have limitations, including a propensity for false-positive results, hence all interactions should be considered putative and require further validation by more reliable methods. Even so, these results strongly indicate that SlPP2C1 is a functional ABA signaling component in tomato fruits.
SlPP2C1 is involved in the regulation of ABA-mediated fruit ripening
We next investigated whether SlPP2C1 is involved in ABAmediated regulation of tomato fruit development and ripening. Previous studies showed that manipulating a key gene in ABA signaling can alter fruit ripening in strawberry , Jia et al. 2013 , Han et al. 2015 . To date, the information concerning ABA signaling and fruit ripening is derived from studies on the non-climacteric strawberry, using transient silencing and overexpression systems , Jia et al. 2013 , Han et al. 2015 . Thus, molecular evidence that ABA signaling genes are involved in tomato fruit ripening is lacking. In the present study, it is found that SlPP2C1-RNAi accelerates fruit ripening, which is associated with higher levels of ABA signaling gene expression that is reported to increase the expression of ABA-mediated (E) Number of euphylla. Error bars on each column indicate ± SE (n = 30). Data are based on 30 independent plants. *P-value t-test < 0.05; **P-value t-test < 0.01. ripening-related genes (Fig. 5) . This indicates that ripening of climacteric tomato fruits is regulated by SlPP2C1-mediated ABA signaling. Regarding the exact role of SlPP2C1 in fruit ripening, the 14 SlPP2Cs identified in tomato appear to have different expression with some overlapping regions, indicating functional redundancy. Thus, only by characterizing all SlPP2Cs in fruits and clarifying the relationships between them will we be able to elucidate their individual functions and roles in the regulatory network. Based on the results obtained from this work, we propose that ABA induces the interaction of monomeric receptors with SlPP2C1, and inhibits SlPP2C1 activity. The activated SlSnRK2.6/2.8 kinase is subsequently released, which is then free to activate ripening-related transcription factors (details of which . Data are based on 30 independent plants. *P-value t-test < 0.05; **P-value t-test < 0.01. Our results also highlight a relationship between ABA signaling and ethylene release, since enhanced ABA signaling in SlPP2C1-RNAi transgenic fruits advanced the release of ethylene during fruit ripening (Fig. 5C) . A previous study indicated that C. (C-E) Germination rates of seeds on 1/2 MS medium containing 1, 2 or 3 mM fluridone. Seed germination was scored every day. Data are means ± SE from three replicates of 30 seeds per replicate. *P-value t-test < 0.05; **P-value t-test < 0.01. (F) Primary root length and total lateral root length of WT and SlPP2C1-RNAi seedlings at 8 d after transfer to medium with or without 10 mM ABA. Photographs of tomato seedlings were taken at 8 d after transfer of 2-day-old seedlings to MS medium lacking or supplemented with 10 mM ABA. Data are means ± SE from three biological replicates.
Fig. 5
Continued means ± SE (n > 30) from three biological replicates. *P-value t-test < 0.05; **P-value t-test < 0.01. (E-M) Expression levels of genes related to ethylene synthesis and signaling, and cell wall catabolism in WT and SlPP2C1-RNAi transgenic fruits. Fruits were harvested at 27, 30, 32, 34, 37 and 40 DAFB. Data are means ± SE from three biological replicates. The SlSAND gene was used as an internal reference gene. *P-value t-test < 0.05; **P-value t-test < 0.01. AtABI1 interacts with AtACS2 or AtACS6 in Arabidopsis and inhibits their activity by dephosphorylation (Ludwikow et al. 2014) . Other research showed that ABA inhibits ethylene production through ABI4-mediated transcriptional repression of AtACS4 and AtACS8 (Dong et al. 2015) . However, in the present study, SlPP2C1 did not interact with SlACS2 or SlACS4 in the Y2H system (Chen et al. 2016) or in BiFC assays (Fig. 8) , suggesting that SlPP2C1 might not directly regulate ethylene synthesis.
SlPP2C1 is involved in ABA-mediated drought stress responses and seed germination
Abiotic stress affects fruit growth and yield, and drought stress triggers the production of ABA in plants, which induces the closure of leaf stomata to reduce water loss. These responses improve the efficiency of water use in leaves and fruits. In plants, the effect of ABA is determined by its concentration and signaling pathways. In adverse environments, ABA levels rise and trigger ABA signaling networks to initiate stress responses (Nambara and Marion-Poll 2005, Seo and Koshiba 2011) . In the present study, SlPP2C1-RNAi transgenic tomato plants displayed a variety of ABA-hypersensitization phenotypes, including slower water loss from both leaves and fruits, which enhanced resistance to drought stress compared with WT plants (Fig. 7) . Our results indicate that SlPP2C1 is a negative regulator in ABA signaling in tomato following exposure to abiotic stress. In addition, tomato SlPP2C1 is most closely related to Arabidopsis AtAHG3 (Supplementary Fig. S1 ) which plays a crucial role in the regulation of seed germination (Yoshida et al. 2006 . In the present study, SlPP2C1-RNAi tomato seeds exhibited hypersensitivity to endogenous and exogenous ABA, with delayed germination and primary root growth (Fig. 6) , suggesting that SlPP2C1 is involved in ABAmediated signaling in tomato seeds during development.
In conclusion, it is demonstrated that the type 2C protein phosphatase SlPP2C1 negatively regulates ABA signaling and fruit ripening in tomato. SlPP2C1 is highly expressed in flowers and fruits, and silencing of SlPP2C1 by RNAi accelerated fruit ripening which is associated with the enhanced levels of ABA and the expression of ABA signaling genes that are reported to Error bars indicate the SD (n = 10). *P-value t-test < 0.05; **P-value t-test < 0.01. Left: interactions were determined using growth assays on media lacking Leu, Trp and His (-LWH), with X-a-Gal. Yeast growth on media lacking Leu and Trp (-LW) was used as a control. Right: SlPP2C1-YFPC, SlACS2-YFPN and SlACS4-YFPN were co-expressed in N. benthamiana leaves using A. tumefaciens infiltration. The YFP signal was monitored at 2 d after coinfiltration.
stimulate the release of ethylene and the expression of genes related to fruit ripening. SlPP2C1-RNAi also delays seed germination and primary root growth, and enhances the resistance to drought stress. Taken together, these results indicate that SlPP2C1 plays a regulatory role in fruit ripening, seed germination and the response to drought stress in tomato.
Materials and Methods
Generation of SlPP2C1-RNAi transgenic tomato lines
Total RNA was extracted from 1 g of frozen powdered young tomato fruits using the hot borate method (Wan and Wilkins 1994) , and reverse-transcribed to cDNA. For tomato transformation, a specific fragment of the SlPP2C1 sequence was amplified from the cDNA using PCR primers shown in Supplementary Table S1 , and the 35S::antisense SlPP2C1::GUS::sense SlPP2C1::Nos-terminator fusion gene was cloned into the pCAMBIA1305.1 vector (Invitrogen) to form a hairpin structure for RNAi. RNAi constructs were introduced into tomato (Micro Tom) via Agrobacterium tumefaciens LBA4404-mediated transformation. Two positive transgenic lines were identified through b-glucuronidase (GUS) staining and used as a source of material in which SlPP2C1 expression was markedly suppressed. T 0 plants were self-pollinated to generate T 1 plants, and the T 1 generation, which displayed a 3 : 1 segregation ratio of transgenic and non-transgenic plants, was considered to represent a single-copy insert line. T 2 seeds were collected from each T 1 plant, and T 2 plants that did not show segregation were therefore considered to be homozygous lines.
Plant material
WT, SlPP2C1-RNAi 7 and SlPP2C1-RNAi 9 tomato (Solanum lycopersicum L. cv. Micro Tom) plants were grown under standard greenhouse conditions (25 ± 5 C, 70% humidity, natural lighting), and 30-50 plants of each line were used in subsequent experiments. Tomato transgenic lines obtained after selfing of a single homozygote T 1 plant were used for all experiments. Fruit ripening stages were divided according to the DAFB and fruit color as follows: immature green (IM), 10 DAFB; mature green (MG), 26 DAFB; breaker (B), 29 DAFB; turning (T), 34 DAFB; orange (Or), 37 DAFB; red (R), 40 DAFB; over-ripe (OR), 42 DAFB. Fifteen fruits were harvested randomly at each stage from both two transgenic lines and WT plants and divided into three groups (five in each) with three replicates per group. After harvest, each fruit group was weighed and ethylene production was investigated. Next, fruits were dissected into three parts (peel, pulp and seed) and samples were frozen immediately in liquid nitrogen, powdered, mixed and stored at -80 C until further use.
ABA treatment
WT tomato fruits attached to plants grown in the greenhouse were treated at the IM, MG, B and T stages by spraying with either 100 mM synthetic ABA (Sigma, A1049) in 0.5% (v/v) Tween-20 (treatment) or water (control). All spraying was carried out after sunset and samples were collected at 3 d after ABA treatment.
Water stress treatment
Fruits harvested at the MG stage were divided into two groups with 30 fruits in each group. Fruits in group I were placed in a tray in a tissue culture room at 25 C with 40-50% humidity under a 16 h light/8 h dark cycle. Fruits in group II were placed in the same tissue culture room but water loss was suppressed by placing moist filter paper on the tray and covering with plastic wrap. Fruits in group I and II were sampled every day during treatment for three successive days. Each fruit was weighed immediately after harvest and weighed again before sampling for calculation of the water loss rate from the ratio of fruit weight between the second and first weighing. Additionally, water loss from mature leaves was also determined using the same method from leaves sampled every 2 h.
Seed germination assays
Seeds from WT and transgenic F 2 homozygous plants were harvested, aired and stored for 3 weeks at 4 C. After surface sterilization, seeds (>30 seeds for each replicate) were sown onto 1/2 MS medium containing 0 or 3 mM ABA and 1, 2 or 3 mM fluridone. Seeds were then germinated in the dark at 25 C for 10 d. After seed germination, radicles were transferred onto 1/2 MS medium containing 10 mM ABA. Seed germination rates and root lengths were measured daily during the testing period. Radicle emergence >1 mm indicated seed germination. Three replicate plates were used for each treatment.
Drought stress treatment
A total of 30 WT and 60 SlPP2C1-RNAi tomato plants (30 SlPP2C1-RNAi 7 and 30 SlPP2C1-RNAi 9 plants) were used in drought stress experiments. Plants grown under greenhouse conditions were placed under normal watering conditions for 30 d and subsequently divided into two groups with 45 seedlings in each group. Seedlings in group I were grown under normal soil moisture conditions (controls). Seedlings in group II were subjected to drought stress by halting irrigation for 12 d and subsequently re-watering for 3 d. The survival rate was investigated at 3 d after re-watering. The RWC of plants was measured in leaves at 0, 8 and 12 d after wilting. RWC was calculated from [(FW -DW)/ FW]Â100, and each measurement was performed in triplicate.
qRT-PCR analysis RNA was extracted from 1 g of sample through the SV Total RNA Isolation System (Promega), and the RNA was subsequently digested with DNase I (TAKARA). The extracted RNA was reverse transcribed to cDNA using a TAKARA RNA PCR Kit (TAKARA). qRT-PCR detection was performed using SYBR Premix ExTaq (Perfect Real Time; TAKARA BIO INC.) on a Rotor-Gene 3000 system (Corbett Research) to quantify gene expression levels. SAND (SGN-U316474) was employed as an internal control. The expression level of each gene was calculated using Rotor-Gene 6.1.81 software with two standard curve methods. The primer sequences are shown in Supplementary Table S2 .
Determination of ABA content
A 3 g aliquot of floral tissues was extracted in 40 ml of 80% (v/v) methanol at -20 C for 18 h. The methanol extracts were then centrifuged at 10,000 Â g for 20 min, and the pellet was extracted twice with 20 ml of 80% methanol at -20 C for 2 h. The supernatants were subsequently combined and dried under vacuum, and the residue was dissolved into 10 ml of 0.02 M phosphate assay buffer (pH 8.0) and extracted three times with 10 ml of petroleum ether. The organic phase was removed, and the pH of the aqueous phase was adjusted to 8.0, followed by the addition of 0.2 g of insoluble polyvinylpolypyrrolidone (PVPP). After stirring for 15 min at 0 C, PVPP was removed through vacuum filtration. The mixed liquid was adjusted to pH 3.0 and was subsequently extracted three times with ethyl acetate. The ethyl acetate phase was dried under vacuum and was dissolved in 1 ml of 50% methanol (v/v). The ABA content was determined via HPLC (Agilent Technologies, 1200) through a 4.8 Â 150 mm C18 column (Agilent Technologies) at a flow rate of 0.8 ml min 
Determination of ethylene production
Three fruits were enclosed in a 50 ml airtight container for 2 h at 20 C, and then 1 ml of the headspace gas was withdrawn and injected into a gas chromatograph (Agilent model 6890N) with a flame ionization detector and an activated alumina column for ethylene measurement. Fresh tissues of each fruit were frozen in liquid nitrogen and stored at -80 C until further use.
In situ hybridization
Non-radioactive RNA in situ hybridization was performed as previously described (Hord et al. 2006 , Hendelman et al. 2012 . Tomato floral buds were collected at stages I-X of flower development and were fixed in FAA (3.7% formaldehyde, 5% acetic acid and 50% ethanol alcohol) fixative. The floral bud samples were subjected to a vacuum twice in the fixative for 20 min (10 min each time), and they remained at room temperature for at least 2 h. Samples were then dehydrated, embedded in paraffin, prepared as 8 mm thick sections and mounted onto slides. After all slides were dewaxed with Histo-Clear, they were dehydrated and baked. The antisense and sense RNAs of SlPP2C1 were labeled with digoxigenin by in vitro transcription of linearized pSPT18-SlPP2C1, which carries the fragments of SlPP2C1 cDNA amplified with gene-specific primers (Supplementary Table S3 ). Anti-digoxigenin antibodies coupled with alkaline phosphatase and nitro blue tetrazolium were used to detect the hybridization signal.
Subcellular localization assay
To investigate the subcellular localizations of SlPP2C1, we constructed recombinant SlPP2C1 tagged at the C-terminus with GFP, and the coding open reading frame sequences were cloned into the pCAMBIA1300-GFP vector. The specific primers are listed in Supplementary Table S4 . The 5-to 6-week-old leaves of N. benthamiana seedlings were selected, and Agrobacterium carrying pCAMBIA1300-SlPP2C1-GFP was injected into the leaves. The system was subsequently cultured in the dark for 1 d and then under normal illumination for another 2 d. Finally, the infiltrated leaves were examined, and the GFP signals from the infiltrated hypodermis of the tobacco leaves were monitored using a fluorescence microscope (Olympus BX51, Japan) with 470 nm at Â1,000 magnification.
Determination of fruit firmness
Fruits were harvested from all of the plants in each of three replicate plantings at the different ripening stages. Flesh firmness was measured after the removal of fruit skin on three sides of each fruit using a KM-model fruit hardness tester (Fujihara). The firmness was recorded in kg cm -1 . Compression of each fruit was measured three times, and the average of the maximum force was used.
Determination of the content of fruit-soluble solids
Ten randomly selected fruits per treatment were juiced to determine the soluble solid content every 3 d from 28 DAFB. Data were obtained by squeezing the mesocarp with a Pal-1 pocket refractometer (ATAGO; units, Brix).
Statistical treatment of data
Data were statistically analyzed by SPSS software using one-way analysis of variance and Duncan's test of significance. *P and **P denote significance for t-tests with P-values < 0.05 and <0.01, respectively.
Supplementary data
Supplementary data are available at PCP online.
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